The systematic study of corrosion and oxygen control by chemical scavenging agents by Hays, Robert Lee
l 
[ 
THE SYSTEMATIC STUDY OF CORROSION AND OXYGEN 
CONTROL BY CHEMICAL SCAVENGING AGENTS 
A Thesis 
Presented for the 
Master of Science Degree 
The University of Tennessee at Chattanooga 
Robert Lee,J!!Ys 
December 1986 
I 
,Lf; 
23tf d-
f/37 
19!~ 
(I_ • .)., 
I am submitting a thesis written by Robert Lee Hays entitled 
"The Systematic Study of Corrosion and Oxygen Control by Chemical 
Scavenging Agents." I have examined the final copy of this thesis 
and recommend that it be accepted in partial fulfillment of the 
requirements for the degree of Kaster of Science with a 
concentration in chemical engineering. 
We have read this thesis 
and recommend its acceptance: 
Accepted for the Graduate Division: 
STATEMENT OF PERMISSION TO USE 
In presenting this thesis in partial fulfillment of the 
requirements for a Master's degree at The University of Tennessee, 
Chattanooga, I agree that the Library shall make it available to 
borrowers under rules of the Library. Brief quotations from this 
thesis are allowable without special permission, provided that 
accurate acknowledgement of the source is made. 
Permission for extensive quotation from or reproduction of 
this thesis may be granted by my major professor, or in his absence, 
by the Head of Interlibrary Services when, in the opinion of either, 
the proposed use of the material is for scholarly purposes. Any 
copying or use of the material in this thesis for financial gain 
shall not be allowed without my written permission. 
Signature 
----------------
Date _ ________________ _ 
ii 
ACKNOWLEDGEMENTS 
The author would like to express his appreciation to the 
Tennessee Valley Authority for enabling this research work to 
occur. To Dr. Carl Cain, Jr., a sincere thanks for his support and 
guidance. 
To Dr. James R. Cunningham, I wish to express my appreci-
ation for his countless hours of assistance and leadership. 
To my wife, Judy, and daughter, Holly, I want to express 
my most sincere appreciation as it was their support and inspiration 
that helped me complete this task. 
iii 
ABSTRACT 
Corrosion of metal components in electrical power 
generation boilers is a serious and expensive problem that is a 
major concern to manufacturers and electrical utility personnel. 
Lost production and large costs associated with component failures 
have created a tremendous research effort to help minimize corrosive 
attack. One particular area that has received considerable 
attention is control of dissolved oxygen concentrations in 
operational and idle boiler systems. Numerous products and 
treatment schemes have been developed that have provided reliable 
means to help reduce corrosion due to dissolved oxygen attack. An 
unanswered question, however, is to what degree these treatment 
methods control corrosion and which method offers the superior 
performance. 
In this research, an exhaustive comparative study was 
completed to ascertain the relative efficiencies of five 
commercially available scavenging agents in their control of 
dissolved oxygen and metal corrosion. Both laboratory and 
large-scale field studies were done to provide more conclusive 
information and to offer recommendations on various treatment 
schemes. 
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The overall results showed that improved scavenging agents 
did reduce dissolved oxygen concentrations at more rapid rates and 
also helped minimize corrosion. However, based on the research 
findings, it appears to be questionable to invest more funds to gain 
the small benefits associated with use of improved scavenger agents. 
Determination of treatment selection should be done on a 
case-by-case basis evaluating costs versus benefits. Overall, it 
appeared that control of solution alkalinity and elimination of 
air/water interfaces was more important than the scavenger chosen 
for oxygen control. 
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CHAPTER I 
INTRODUCTION AND BACKGROUND 
Corrosion and its deleterious effects has caused numerous 
difficulties with materials which are exposed to adverse or harsh 
environments. Though these problems are not solely limited to 
metals and metal components, the major portion of research efforts 
have been dedicated to the minimization of this type of corrosion. 
Large expenditures for research are easily justified based on 
estimated annual losses of 105 billion dollars due to equipment 
replacement costs and lost revenues [1]. Persistent problems remain 
and are widespread and diverse in both reaction mechanism and degree 
of severity. 
One important area of concern still undergoing research is 
the development of optimum methods of chemical treatment for large 
engineering applications. Manufacturers of treatment schemes and 
chemical agents tout their methods and products as superior and 
often offer laboratory and field test data to support their claim. 
However, the main point of contention arising from examination of 
these data is that all chemical treatment schemes cannot be superior 
under a given set of conditions. An important deficiency that has 
remained to present is that no indepth comparison and evaluation has 
been attempted with many of the "accepted" chemical treatment 
methodologies. 
Prior to the twentieth century, it was recognized that 
metallic corrosion was a significant contributor to mechanical 
failures and that some method was needed to protect large systems 
such as steam generating boilers. Various products were introduced 
during this period, each offering elimination of corrosion problems; 
however, most claims proved ineffective with little positive 
benefit. One important exception discovered during early corrosion 
research which was of significance was that treatment of system 
water to maintain an alkaline environment markedly reduced general 
corrosion attack [2]. This was a major milestone toward 
understanding and controlling corrosion and today is still a major 
portion of water treatment. 
Technological advances creating systems which operated 
under more severe conditions and at increased design specifications 
again renewed the demand for improved corrosion control methods; 
assurance of an alkaline pH did not fully alleviate operational and 
maintenance difficulties. At this time of advance in system 
capabilities, it was well understood that entrained impurities in 
steam cycle water were contributory to serious degradation of metal 
integrity. Two major types of impurities identified as prime 
contributors were dissolved ionic species, such as chloride salts, 
and dissolved molecular oxygen [3]. Several effective methods 
(evaporation and ion exchange) were developed and perfected to 
control ionic contamination in steam cycle water, but control or 
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removal of dissolved oxygen persisted as a complex problem. 
Distinct directions were pursued by engineers and chemists; 
engineers primarily endeavored to remove oxygen by mechanical means 
while chemists searched for chemical control methods. 
Mechanical deaeration is today the most important method 
employed for removal of entrained dissolved oxygen from steam cycle 
or boiler feedwater . Deaeration systems, though complex in design 
and operation, function on a simple underlying principle [4]. As 
boiler feedwater is gradually elevated in temperature during the 
steam cycle, its affinity for solubilizing oxygen decreases. Heated 
water upon attaining a temperature of 150- 200°C (300-390°F) is 
allowed to cascade down a series of trays or plates as illustrated 
in Figure 1. Low temperature steam is simultaneously directed 
counter-current to the water flow and is allowed to come into 
intiment contact with dispersed water droplets. Under these 
conditions, oxygen being more soluble in steam than water is 
effectively "stripped" and passes upward to a water-cooled vent 
condenser. Here, the "stripping" steam is condensed and returned as 
additional makeup water while oxygen and other non-condensible gases 
are vented from the system. The net result is effective removal of 
dissolved oxygen with typical removal efficiencies of 95-99.9~ under 
optimum operating conditions [5] . 
While mechanical deaeration provides a means to remove the 
majority of dissolved oxygen, a sufficient residual concentration 
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Figure 1. MECHANICAL DEAERA TION UNIT 
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remains which can contribute to serious corrosion problems. In 
addition. inefficiencies in deaerator operation and minor system 
inleakages can also cause unexpected increases in oxygen levels. 
Larger and more sophisticated mechanical systems could be developed 
and utilized to remove residual oxygen. but the large expenditures 
required to purchase. operate. and maintain such systems make this 
an unattractive alternative. An inexpensive and effective method to 
provide "polishing" is the use of chemical scavenging agents. 
Electrical power facilities in the early to mid twentieth 
century attempted various chemical treatment schemes. The degree of 
success was variable. but one particular material emerged as a 
"standard" for oxygen control. Sodium sulfite (Na2so3) was 
shown to be extremely rapid-in-action. effective. and inexpensive. 
The below equation illustrates the overall reaction of sodium 
sulfite and oxygen: 
Use of sodium sulfite is still utilized for many small. low-pressure 
boilers; and it provides excellent protection against oxygen 
attack. In fact. there still is no more effective chemical for 
dissolved oxygen consumption [6]. However. as larger and higher 
pressure boilers were constructed for electric power generation. 
routine use of sodium sulfite presented two major disadvantages; an 
inherent tendency to form deposits on heat transfer surfaces and a 
potential to severely attack base metal integrity. 
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Solids deposition is highly undesirable as it inhibits 
efficient heat transfer as well as increasing the potential of 
localized overheating of metal and subsequent component failure. 
Solids can be removed and controlled. however. by use of a solids 
blowdown system as illustrated in Figure 2. This scheme helps to 
maintain sufficiently low solids concentration by providing an 
effective removal path. With proper utilization of this blowdown 
system. deposition of dissolved solids in drum-type boilers is 
markedly reduced. 
A more difficult problem to control is aggressive attack 
by sodium sulfite on base metal integrity. It has been observed 
that under a wide range of operating conditions. severe corrosion 
and pitting are likely with numerous examples of metal failure well 
documented [7. 8]. In addition. the advent of "once-through" boiler 
systems with no steam drum for separation of liquid and vapor phases 
precluded use of all additives that would deposit or lead to 
reaction products which could deposit throughout the system. This 
problem in conjunction with the chemical degradation potential of 
sodium sulfite into free acid at high operating temperatures and 
pressures (>900°F and 1800 psig) necessitated development of an all 
volatile treatment (AVT) method. 
The result of intense research and development was 
identification of an AVT method which resolved both the solids and 
corrosion concerns. It was observed that hydrazine (N2H4) would 
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Figure 2. TYPICAL BOILER SOLIDS SLOWDOWN SYSTEM 
consume extremely low levels of dissolved oxygen (<100 parts per 
billion--ppb) and produced reaction and degradation products which 
were volatile as illustrated in the following equation: 
OXYGEN CONSUMPTION 
BYPRODUCT DEGRADATION 
Another very beneficial "side reaction" of hydrazine is its reaction 
with hematite (Fe2o3) iron oxide present in the boiler (10). 
Hematite, commonly termed "rust," offers little protection to base 
metal corrosion and also exhibits resistance to heat transfer. As 
hematite reacts with hydrazine at high temperatures (>300°F), it is 
converted to magnetite (Fe3o4) which forms a dense, tightly 
adherent oxide film that effectively protects base metal and offers 
excellent heat transfer properties. The following illustrates this 
overall reaction: 
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In addition, soluble iron encountered is also readily converted to 
magnetite at high temperatures (>120°F) and is subsequently 
deposited on existing oxide surfaces (11]. 
Treatment schemes remained relatively constant for several 
decades as electric power generation facilities utilized one of two 
major available treatment options. The majority of older, 
low-pressure drum-type units employed phosphate salts (pH control) 
and hydrazine (oxygen control) addition while "once-through" boilers 
and higher pressure drum units utilized aqueous ammonia and 
hydrazine treatment. Careful operation and control of water 
chemistry parameters produced excellent results with infrequent 
instances of serious corrosion problems. However, during the past 
30 years, considerable effort has been expended by chemical vendors 
to develop chemical agents superior to hydrazine in both oxygen 
removal efficiency and corrosion control. 
Numerous products have been introduced and tested, yet 
more confusion remains today than before much of the tests that have 
been conducted to evaluate new scavengers. The main difficulty is 
that each product vendor touts his product to be superior to other 
available treatment methodologies. As stated earlier, every product 
cannot be superior at all possible conditions. 
The purpose of this research effort is, therefore, 
threefold. First, an extensive series of laboratory tests were 
designed and conducted to determine relative dissolved oxygen 
removal efficiencies of several available scavengers from simulated 
boiler water. Second, long- term laboratory corrosion rate studies of 
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commonly encountered boiler metals were conducted to examine 
protection and passivation properties of the scavengers. The 
importance of these two tests was to allow comparison of scavenger 
efficiency at conditions approximating boiler storage and initial 
startup. As numerous industries are facing the need to idle excess 
system capacity for extended periods during maintenance and 
slackened production demand, protection of system integrity is of 
paramount importance. Finally, while laboratory tests and 
evaluations are significant and provide valuable data, the most 
important and meaningful results are those obtained from actual 
applications on large systems. The final portion of this research 
discusses and evaluates current findings of numerous large-scale 
tests examining oxygen removal efficiencies as well as metal 
component protection and passivation. By comparison of laboratory 
and actual application data, a more accurate and representative 
picture of chemical treatment methods can be obtained. 
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CHAPTER II 
OXYGEN DEPLETION STUDIES 
One of the most important and obvious functions of 
scavenging agents is the effective consumption of dissolved oxygen 
in steam cycle water. Without question, metallurgical tests reveal 
that oxygen is one of the most corrosive substances when allowed to 
contact metallic surfaces at boiler operating temperatures; and 
numerous component failures have been attributed to oxygen attack 
[7, 8]. While the major concern has been detrimental effects to 
units in operation, there has been an increasing concern and 
interest in the effects to idle or mothballed units. This 
particular area has received national attention since the sharp 
decline in electrical power demand that occurred in the late 
1970's. For the first time, electrical power generating facilities 
were faced with a significant over-supply as nuclear capacity, which 
had been constructed to meet an anticipated increased demand, began 
to produce appreciable quantities of electricity. The tremendous 
quantity of power these nuclear units generated quickly forced many 
of the older, less efficient fossil units into idle periods of 
months or even years. 
Concern over corrosion in idle and stored units has 
generated major research work and helped establish large-scale test 
applications in order to determine safe and reliable protection 
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methods. One specific area that has received due attention is 
oxygen control and development of chemical agents to reduce internal 
corrosion. Though a large number of tests have been performed with 
the majority of commercially available scavengers, conclusive 
studies and results have not been conducted which would allow direct 
comparison and evaluation of oxygen removal efficiencies. It, 
therefore, was the primary goal of this research to obtain relative 
efficiencies by performing a controlled laboratory study where 
large-scale conditions could be closely simulated and closely 
maintained for each scavenger. 
A total of five scavengers were chosen for investigation. 
Table I outlines each by its generic chemical nomenclature; trade 
names have been purposefully omitted to avoid potential product 
endorsement. 
Utilizing a laboratory apparatus as illustrated in 
Figure 3, close observation and frequent analysis was facilitated 
for monitoring oxygen depletion rates for the five oxygen 
scavengers. The controlled environment of the test apparatus 
provided a reliable means to monitor changing oxygen levels in 
reaction solutions. During sampling, the analysis flask was 
thoroughly purged with high- purity nitrogen (99.9~, water pumped) to 
preclude accidental consumption of scavenger or entrainment of 
extraneous oxygen . 
12 
..... 
"" 
TABLE I 
SCAVENGER IDENTIFICATION 
AND 
CHEMICAL FORMULATION 
PRODUCT NAME CHEMICAL COMPOSITION 
0 
CARBOHYDRAZIDE 
HYDRAZINE HYDRATE 
HYDROQUINONE/ AMINE 
OR GANI CALLY CATALYZED HYDRAZINE 
ORGANOMET ALLI CALLY CATALYZED 
HYDRAZINE 
II 
NH2- NH - C - NH - N H2 
N2H4 • H20 
H0-0-0H* 
N2H4 · H20 + HYDROQUINONE 
CATALYST 
N2H4 · H20 + COMPLEX 
COBALT 
CATALYST 
~ *EXACT COMPOSITION OF AMINE IS PROPRIETARY INFORMATION 
-i 
. 
C? 
r-
--· CJ 
-!:~ 
"""' '-< 
1--' 
~ 
DISSOLVED 
OXYGEN PROBE 
DISSOLVED 
OXYGEN 
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REACTION •--
VESSEL 
0 
STIR PLATE 
SAMPLE 
OUTLET 
Figure 3. OXYGEN DEPLETION RATE APPARATUS 
(Shown without heat mantle) 
A series of experiments was performed for each scavenger 
with changes in (1) cover gas (over reaction solution), (2) reaction 
temperature, and (3) solution metal/metallic ion impurity 
concentration. These changes were made for two reasons: (1) to 
enable a more complete evaluation of scavengers under a variety of 
potential field conditions and (2) to determine the effects of 
suspended or dissolved metals commonly encountered in large-scale 
applications. 
The experimental apparatus in each test was charged with 
750-ml high-purity deionized water (conductivity <0.08 umhos and 
dissolved metals ~1 ppb by atomic absorption) in a 1000-ml reaction 
flask. Agitation was provided by use of a Teflon-coated magnetic 
stir bar and stir plate. Dissolved oxygen concentrations were 
measured by a galvanic-type probe (Rexnord Model 3005) and verified 
by the Winkler method [12). Solution pH was adjusted by addition of 
reagent-grade aqueous ammonia (26~). Heat addition, when required 
for temperature elevation, was supplied by a thermostatically 
controlled heating mantle with temperatures monitored by insertion 
of a precision thermometer C±0.1°C) into the reaction flask. Excess 
scavenger was utilized throughout in order to ensure sufficient 
concentration for reaction rates and is in agreement with industry 
standards. 
The first set of experiments was conducted at a reaction 
temperature of 25°C under a nitrogen cover gas. Each test was 
allowed to proceed for a maximum of 400 minutes. This series was 
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then repeated at 71°C under near-identical conditions. The reaction 
and experimental parameters results are illustrated in Figures 4 and 
s. 
Two apparent trends ascertained from these tests were: 
(1) an increase in temperature causes an increase in overall 
reaction rate and (2) a consistent preference of reactivity is 
observed in reaction rates for the scavengers. With only a 46°C 
increase in temperature, the reaction rates of three scavengers 
improved appreciably with the following percentage increases: 
Organically Catalyzed Hydrazine 7. 7~ 
Organo-metallically Catalyzed Hydrazine 22.3~ 
Hydroquinone/Neutralizing Amine 25 . 0~ 
While the organically catalyzed hydrazine showed only a 
7.7~ increase in rate, a more significant change was observed in 
that the shape of the reaction curve at 11°c began to resemble a 
non- linear decay (closely resembling the other catalyzed hydrazines) 
versus the near linear slope observed at 25°C. This change may 
suggest a possible change in reaction order; however, due to the 
complexity of system chemistry, further study of this aspect was 
beyond the scope of this project. Carbohydrazide and uncatalyzed 
hydrazine showed little change in reaction rate with elevation in 
temperature. Both maintained essentially a linear rate with 
carbohydrazide being the least reactive scavenger under test 
conditions. 
16 
11.s r 
9.0 I-
E ~ 
C. 
a. 
z 
0 
I-
< 
a: 
I-
z 
w 
(.} 
z 4.5 0 
f--' (.) 
....., 
N 
0 
3.0 
1.5 
40 
LEGEND 
- 1. CARBOHYDRAZIDE 
- 2. HYDRAZINE 
-3. ORGANICALLY CATALYZED HYDRAZINE 
-4. HYDROQUINONE/NEUTRALIZING AMINE 
- 5. ORGANO-MET ALLICALL Y 
CATALYZED HYDRAZINE 
EXPERIMENT AL CONDITIONS: 
INITIAL 02 CONCENTRATION 8.55 ppm 
INITIAL SCAVENGER CONCENTRATION 50 ppm 
pH 9.2 
80 120 160 200 240 280 320 360 400 
TIME (MINUTES) 
Figure 4. OXYGEN REMOVAL RATES at 2s°C(77°F) 
with NITROGEN COVER GAS 
11.5 r 
9.0 I-
E ... "'-.~ 
a. 
a. 
z 
0 
t-
< 
a: 
t-
z 
w 
0 
z 4.5 0 
..... 0 00 
N 
0 
3.0 
1.5 
40 
LEGEND 
-1. CARBOHYDRAZIDE 
- 2. HYDRAZINE 
-3. ORGANICALLY CATALYZED HYDRAZINE 
-4. HYDROQUINONE/NEUTRALIZING A._11NE 
- 5. ORGANO-MET ALLICALL Y 
CATALYZED HYDRAZINE 
EXPERIMENT AL CONDITIONS: 
INITIAL 02 CONCENTRATION 8.74 ppm 
INITIAL SCAVENGER CONCENTRATION 50 ppm 
pH 9.2 
80 120 160 200 240 280 320 360 400 
TIME (MINUTES) 
Figure 5. OXYGEN REMOVAL RATES AT 71°C (160°F) 
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At this point, it could have been assumed that, for 
low-temperature application, use of organo-metallically catalyzed 
hydrazine is superior for oxygen removal during storage conditions 
as it provides a more rapid reaction rate. However, it would be 
dangerous to make such a conclusion after one series of tests. In 
addition, it is hasty to assume that dissolved oxygen alone at low 
temperatures is the primary contributor to boiler corrosion. Some 
clarification was needed to help resolve this question. 
Repeating the above experiments, a minor change in 
reaction conditions was employed; atmospheric air was substituted 
for nitrogen as the reaction cover gas. Experimental runs were 
again conducted at 25° and 71°C with results shown in Figures 6 and 
7. Oxygen depletion rates showed significant changes from the 
nitrogen cover gas runs. As before, three of the scavengers 
exhibited more rapid reduction rates. Comparison of the air and 
nitrogen runs shows that, with the change in cover gas (nitrogen to 
air), depletion rates were retarded by as much as 37~ at 2s 0 c and 
SO~ at 11°c (see Figures 4 and 5). Another interesting point noted 
was that carbohydrazide and uncatalyzed hydrazine maintained 
essentially constant oxygen reduction rates regardless of change in 
cover gas or temperature. These reagents appeared to maintain 
similar kinetics over a range of conditions, whereas the other 
scavengers exhibited changes in possibly reaction order and/or 
kinetics. The relative order of reactivity observed in these tests 
were as follows: 
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Figure 7. OXYGEN REMOVAL RATES at 160°F(71°C) 
with AIR COVER GAS 
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One remaining area of interest in this regard was the 
effects of metallic impurities on oxygen reaction rates. 
Experiments to this point examined depletion rates in high-purity 
water with oxygen the only appreciable species available to 
influence reaction rates. While these results are valuable and add 
appreciably to test data, there may be difficulty in correlating 
these to large-scale boiler applications where solutions maintain 
direct contact with metal surfaces (not glass) and various metallic 
impurities which may be suspended and/or dissolved. To provide 
greater validity to test findings and gain a better understanding of 
such factors in relation to scavenger kinetics and reaction 
mechanisms, a further series of tests was designed and performed 
more closely approximating actual boiler conditions. 
Field application is far less controlled and more subject 
to external influences than laboratory examinations. Boiler 
surfaces are covered with metal oxides primarily of iron and copper 
which can exhibit influence over oxygen consumption rates. These 
influences cannot be pre-determined since oxide scales may be 
different throughout the same boiler and from system to system, and 
examination of a representative number of sample points is 
impractical. It, therefore, was decided to obtain and identify 
trends and overall broad effects. 
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The metallic species most frequently encountered in 
boilers are iron, copper, and their various oxides. Units which 
have operated for an appreciable length of time seldom have exposed 
base metals. Iron is found most often in oxides known as hematite 
(Fe2o3) and magnetite (Fe3o4), and copper is primarily 
observed as cupric oxide (CuO). Earlier work which identified 
metallic species as possible influences on scavenger efficiency 
provided no conclusive determination to their effect [2]. The tests 
performed in this research consisted of examination of five metallic 
substances which could be routinely encountered in a large boiler. 
The substances utilized for addition to reaction solutions were 
purified magnetite (Fe304), oxide from internal boiler surfaces, 
hematite (Fe2o3), ground copper (0) fines, and copper (II) 
sulfate. Experimental conditions and results are illustrated in 
Figures 8-13. 
Reactions were conducted in test apparatus previously 
illustrated in Figure 3 with the added amounts of metallic 
impurities given in each figure. It was suspected that little 
effect on oxygen removal efficiency would be observed by addition of 
purified magnetite. Iron already in a stable oxidation state should 
exhibit little interaction with either oxygen or scavenger. 
Experimental results supported this assumption well as rates with 
and without magnetite were in close agreement (see Figures 4 and 
8). In the second stage of tests, it was observed that the addition 
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of actual boiler oxide, however, did show a small change in the 
oxygen depletion rate (see Figures 4 and 9). A logical assumption 
drawn for these tests is that "impurities" (primarily Fe2o3, 
CuO, Cu) present in the oxide influenced reaction kinetics. 
The assumption that presence of hematite, copper, and/or 
copper oxide may influence reaction kinetics was supported in the 
final stage of scavenger rate tests. This stage was divided into 
three steps: (1) examination of the effect of hematite addition, 
(2) effect of copper (0) addition, and (3) effect of copper (II) 
salt addition. Hematite which can be converted to magnetite under 
proper conditions only undergoes reaction at extremely high 
temperatures (>540°F) and should exhibit little influence at storage 
temperatures. The results shown in Figure 10 show that, at low 
temperature, hematite did, as expected, react very sluggishly with 
reducing agents, suggesting that some other impurity in the boiler 
oxide had induced increased oxygen depletion rates. 
In this final series of oxygen studies, the effect of 
copper was investigated. Copper fines (Mesh 125) which had 
developed a black oxide coating were added to separate reaction 
flasks (one for each scavenger); concurrently, freshly ground copper 
fines with a shiny unoxidized surface were added to additional 
identical apparatus. The test results illustrated in Figure 11 
showed that the presence of copper, though highly oxidized, created 
an increase in oxygen consumption rates (see Figures 4 and 11). Use 
of freshly ground copper showed an even greater increase in reaction 
rate. These test results are illustrated in Figure 12. 
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A possible explanation for the results of copper metal 
addition can be postulated from these tests. The oxidized copper 
exhibited much less effect than did the freshly ground copper due to 
its having a minimal surface area of unreacted copper (0). However, 
freshly ground copper, having markedly greater unreacted metal 
surface area, exhibited a significant improvement in reaction rate. 
One last area to be investigated was the possible effect 
which could occur with addition of a soluble copper (II} salt. 
Earlier research with hydrazine has suggested that copper 
salts enhance oxygen consumption (2). Copper (II} sulfate was, 
therefore, chosen and added to a final set of reaction solutions. 
The resulting greenish colored solutions were analyzed for oxygen 
concentrations with experimental results illustrated in Figure 13. 
Overall, reaction time was again decreased; but more significantly, 
the rate for every scavenger approached similar non-linear 
relationships. These results indicated that ionic copper caused an 
effect on the interaction of oxygen and scavenger though the exact 
mechanism could not be determined. 
31 
CHAPTER III 
CORROSION STUDIES 
It has been firmly established that dissolved oxygen can 
be a serious corrosion problem (3). Therefore. control and 
minimization of oxygen is important in both operating and idle 
boilers. Corrosion control. however. must be focused on metal 
surfaces and not primarily on water quality parameters. To be a 
viable and effective scavenger. an additive must be able to minimize 
corrosion of base metal. Scavenging agents that have been examined 
in the past have provided rapid oxygen consumption but also created 
undesirable corrosion problems (i.e .• sodium sulfite) (8). The most 
logical means to evaluate these scavengers was to allow a treated 
aqueous solution to remain in contact with a metal coupon for an 
extended period of time with subsequent examination of test coupons 
for weight loss and surface condition. These results. coupled with 
those obtained for oxygen depletion. will provide a good basis for 
reagent effectiveness. 
The majority of modern fossil-fired units are constructed 
of steel and alloyed steels. In the boiler circuit. including tubes 
and steam drum. the primary materials encountered are mild steel 
(!106 GRADE) and T22 (A306 GRADE). steel with 2-1/4~ Chrome and 
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1~ Molybdenum added for enhanced strength and corrosion resistance. 
These materials were utilized for testing scavengers in regard to 
corrosion potential. 
The experimental apparatus illustrated in Figure 14 was 
utilized for corrosion studies. Iron analyses were facilitated by 
drawing samples through the side tap connection. Metal coupons were 
suspended by nylon cord which was firmly attached to the lower 
surface of the flask stopper. Each coupon was carefully weighed 
initially with a high-prec i sion analytical balance (Mettler M22) 
with weights recorded to ~0.0001 gram. Each reaction flask was 
thoroughly purged (30 minutes) with purified nitrogen prior to 
coupon introduction. Because solution pH has been shown to markedly 
affect corrosion rates, separate tests were conducted for mild steel 
coupons at pH levels of 9.2 and 10.4 (adjusted with 26~ aqueous 
ammonia). 
Each coupon was allowed to remain suspended in solution 
for 180 days undisturbed. Coupon analysis was conducted with care; 
coupons were removed, dried in a nitrogen- purged oven (80°C) for 
four hours, and allowed to cool for 24 hours in a dessicator 
(CaS04 filled). Finally, coupons were carefully reweighed and 
then examined for surface appearance. 
Test results for weight loss are given in Table II. 
Included also are estimated thickness losses in Tables III-V 
calculated from weight loss data and total surface area of each 
coupon (uniform corrosion assumption). As a verification of weight 
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TABLE II 
CORROSION COUPON WEIGHTS 
COUPON WIEGHT COUPON WEIGHT 
(INITIAL)-grams (POST)-grams 
35.1337 35.0948 
34.8147 34.7616 
34.6642 34.5997 
35.0043 34.9681 
34.9768 34.9456 
35.0076 34.9784 
35.1043 35.0578 
34.7764 34.7483 
34.8143 34.7870 
34.4478 34.4198 
34.9891 34.9768 
35.0074 34.9906 
34.6241 34.6130 
34.7798 34.6629 
35.2107 35.1995 
w 
a-
TABLE III (A) 
ESTIMATED THICKNESS LOSSES 'I:. MILD STEEL COUPONS** 
C 1 C 2 C 3 C 4 C 
. . 
Hydroquinone Catalyzed N2H4 Catalyzed N2H4 
N2H4 Carbohydrazide /mpa Organic brg a no·m et a 11 i c Time (0) 
0.0000 0.0000 0.0000 0.0000 0.0000 0 
0.0019 0.0055 0.0066 0.0007 0.0006 15 
0.0042 0.0187 0.0215 0.0040 0.0031 30 
0.0206 0.0214 0.0367 . 0.0199 0.0161 45, 
0.0333 0.0377 0.0534 0.0312 0.0263 60 
0.0424 0.0587 0.0707 0.0385 0.0344 75 
0.0517 0.0734 0.0877 0.0491 0.0413 90 
0.0592 0.0811 0.0994 0.0524 0.0466 105 
0.0678 0.0922 0.1097 0.0635 0.0543 120 
0.0743 0.1007 0.1217 0.0688 0.0587 135 
0.0796 0.1061 0.1324 0.0737 0.0638 150 
0.0852 0.1150 0.1403 0.0804 0.0674 165 
0.0884 0.1214 0.1474 0.0826 0.0713 180 
Values are In mils (1 / 1000 Inch) 
**Experimental Conditions : pH•9.2, T•25°C, Scavenger Concentrations= 100 ppm (Initial) 
(,,J 
" 
TABLE IV (B) 
ESTIMATED THICKNESS LOSSES*- MILD STEEL COUPONS** 
6 C 7 C 8 C 9 C 10 
Hydroquinone Catalyzed N2H4 Catalyzed I 
Carbohydrazide N2H• Time (D) N2H4 /MPA Organic 1 )rgano-metalli 
0.0000 0.0000 0.0000 0.0000 0.0000 0 
0.0014 0.0044 0.0004 0.0009 0.0006 15 
0.0031 0.0163 0.0014 0.0024 0.0015 30 
0.0155 0.0181 0.0077 0.0126 0.0065 45 
0.0247 0.0333 0.0206 0.0221 0.0098 60 · 
0.0322 0.0514 0.0311 0.0306 0.0136 75 
0.0384 0.0637 0.0379 0.0362 0.0267 90 
0.0447 0.0703 0.0554 0.0436 0.0444 105 
0.0511 0.0801 0.0587 0.0493 0.0527 120. 
0.0561 0.0888 0.0620 0.0547 0.0589 135 
0.0593 0.0924 0.0631 0.0587 0.0627 150 
0.0644 0.1007 0.0637 0.0607 0.0629 165 
0.0668 0.1062 0.0643 0.0623 0.0639 180 
*Values are In mils (1 / 1000 Inch) 
**Experimental Conditions: pH•I0 . 4, T-25 °C , Scav e nger Concentrations:100 ppm (init i al) 
<..> 
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TABLE V 
ESTIMATED THICKNESS LOSSES*- T22 ALLOY STEEL COUPONS** 
C .. 11 C 
- ·---- --
-----·· -- ----·· - .. 
___ .., ___ --
Hydroquinone Catalyzed N2H4 
I Catalyzed N2H4 
N2H4 Carbohydrazide /MPA Organic Organo·metalllc Time (D) 
0.0000 0.000 0.0000 0.0000 0.0000 0 
0.0003 0.0011 0.0001 0.0003 0.0002 15 
0.0016 0.0070 0.0005 0.0013 0.0006 30 
0.0071 0.0093 0.0029 0.0058 0.0021 45 
. 0.0104 0.0117 0.0094 0.0094 0.0043 60 
0.0133 0.0191 0.0118 0.0132 0.0059 75 
0.0168 0.0228 0.0141 0.0143 0.0119 90 
0.0197 0.0258 0.0204 0.0187 0.0183 105 
0.0218 0.0299 0.0214 0.0208 0.0213 120 
0.0237 0.0314 0.0231 0.0229 0.0244 135 
0.0255 0.0342 0.0233 0.0244 0.0255 150 
0.0269 0.0367 0.0241 0.0254 0.0256 165 
0.0277 0.0384 0.0254 0.0267 0.0256 180 
* Values are In mils (l / 1000 Inch) 
**Experimental conditions: pH•I0.4; T•25 °C; Scavenger Concentrations= 100 ppm(lnltlal) 
and thickness loss data, analyses were performed during test runs 
for solution iron concentrations. Iron analyses were performed by 
atomic absorption (Perkin Elmer 4000) and are outlined in Tables VI 
and VII. 
Correlation between weight loss data and solution iron 
analyses showed excellent agreement, within +2~. Visual examination 
of coupons was done by the naked eye as well as at lOX magni-
fication. Only one coupon showed indications of serious pitting 
(Coupon 3), while the remainder of coupons exhibited either a grey 
or reddish surface coating. One significant point to note was that 
at pH 10.4 no coupon exhibited a pitting problem. This fact 
suggested that relative solution alkalinity may play a more 
important role in corrosion at low temperature than does dissolved 
oxygen concentration or the nature of scavenger. 
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TABLE VI (A) 
SOLUTION IRON CONCENTRATIONS* 
N2H4 
I I Hydroquinone 
Carbohydrazide /MPA 
I Catalyzed J Catalyzed N2H4 N 2H4 Time(D) 
Organic IOrgano·metalhc 
0.00 0.00 0.00 0.00 0.00 0 
0.75 2.27 2.79 · 0.24 0.26 15 
1.69 7.75 8.99 1.69 1.30 30 
8.61 9.31 15.46 8.31 6.59 45 
13.47 16.11 22.69 12.77 10.72 60 
17.78 25.04 30.31 15.83 14.23 75 
21.34 30.99 37.42 20.29 17.11 90 
24.31 33.97 43.89 21.57 19.18 105 
27.88 38.41 47.69 26.31 22.27 120 
30.72 42.11 52.78 28.34 24.26 135 
32.69 44.77 56.80 30.48 26.41 150 
35.18 48.67 59.17 33.29 27.72 165 
36.42 51.14 61.44 34.12 29.42 180 
*Measurements are in ppm or mg / I at pH 9.2 
"" ...... 
TABLE VII (B) 
SOLUTION IRON CONCENTRATIONS* 
Hydroquinone Catalyzed ~t-tilcatalyzed N2~• 
N2H4 Carbohydrazide /MPA Organic Organo-metallic Ti me (D) 
0.0 0.0 0.0 0.0 0.0 0 
0.62 1.75 0.14 0.34 0.23 15 
1.33 6.55 0.57 0.89 0.64 30 
6.66 7.31 3.12 5.19 2.57 45 
9.89 14.81 8.33 8.76 3.97 60 
13.34 20.63 12.71 12,36 5.44 75 
15.89 25.89 16.07 14.49 10.64 90 
18.39 28.31 22.49 17.59 17.95 105 
19.79 31.99 24.08 19.37 21.14 120 
23.31 35.44 25.44 22.01 23.74 135 
24.44 36.94 25.87 23.12 25.12 150 
25.97 40.41 25.89 25.07 25.19 165 
27.43 42.87 26.41 25.11 25.68 180 
*concentrations are in ppm or mg/I at pH 10.4 
CHAPTER IV 
LARGE-SCALE ELECTRIC POWER GENERATION BOILER APPLICATION DATA 
Laboratory tests and research, though important, often 
fail to relate directly to large-scale engineering applications. 
Hidden complications and unforeseen influences can turn promising 
experimental processes into disappointing large-scale results. To 
help add greater creditility to this research, considerable work was 
performed and evaluated for independent large-scale boiler 
applications under a variety of operating and storage conditions. 
The excess electric generating capacity made available 
upon the completion and startup of nuclear power plants has created 
tremendous difficulties for the utility industry. Nuclear power has 
begun to supply a large portion of overall power, but the majority 
is still supplied by conventional methods such as fossil-fuel 
combustion and hydroelectric generation [21) . In addition, 
operational and regulatory difficulties continue to pose unexpected 
shutdowns of nuclear power plants. These unpredictable ranges of 
capability coupled with daily and seasonal power load demands often 
create an immediate need for idle fossil generation. These demands 
necessitate maintaining idle units in a condition where rapid 
reactivation is efficient, reliable, and consistent. 
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Frequent startup and shutdown, while necessary for changes 
in load demand, creates enormous problems for adequate boiler 
protection. Certain systems must often be left with minimal 
protection since there may not be sufficient time or justification 
to store in an optimum fashion. The real question that remains is 
what are the experiences of electrical generating facilities that 
have stored boiler systems, long and short term, and operated units 
in an up/down status. At this point, a number of cases are 
available that have excellent experimental data on corrosion (13, 
14, 15, 16]. Situations have been investigated for both operational 
and stored units specifically examining differences in scavenger 
efficiencies for oxygen removal and corrosion control. 
One of the first large-scale mothball operations was Watts 
Bar Steam Plant which is owned by the Tennessee Valley Authority 
(TVA) (21]. This plant, constructed during World War II has been 
mothballed twice since initial startup. The first period was from 
1956 to 1968 and performed again in 1983; the latter storage is 
presently ongoing. The original mothball in 1956 was the largest 
undertaking of its kind at that date. No utility had previously 
undertaken a storage of this magnitude, four units of 60-megawatts 
capacity each. The storage which lasted 12 years was quite 
successful; and when the plant was reactivated, minimal problems 
were encountered (17). Unfortunately, careful data collection was 
of minor importance during this period; and only qualitative data is 
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available. Yet with so few problems encountered, the basic 
guidelines for storage were utilized in 1983. 
A detailed illustration of a Watts Bar boiler is shown in 
Figure 15. Each boiler is of natural circulation design with 
horizontal superheat and economizer sections, allowing efficient and 
complete removal of storage solution. The storage solution was 
treated with 35~ hydrazine hydrate and concentrated aqueous ammonia 
to achieve final chemical concentrations of 100-200 ppm hydrazine 
and pH of >10.0. Addition of both initial and supplemental 
chemicals and recirculation of storage solution was performed 
utilizing the scheme illustrated in Figure 16. This arrangement 
allows ease in chemical addition, ensures homogeneous mixing, and 
facilitates addition of makeup water. Auxiliary equipment is stored 
as described in Table VIII. 
Corrosion rate monitoring during this storage was 
accomplished from 1983 to 1985 by suspension of mild steel corrosion 
coupons with nylon cord into the gland seal storage tank, the high 
point in the system. The coupons were removed at regular intervals 
and analyzed for weight loss and surface conditions. Corrosion 
rates were estimated from weight loss data and total surface area 
under an uniform corrosion assumption. Results are detailed in 
Table IX. In addition to coupon results, various locations in the 
system were monitored regularly for piping and vessel corrosion. 
Measurements were recorded utilizing a surface-contact depth gauge 
meter (Krautkramer DM2) accurate to+ 0.001 inches (1 mil). System 
results are given in Table X. 
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TABLE VIII 
AUXILIARY EQUIPMENT STORAGE 
Wet Storage 
Condensate Piping 
Deaerator Heater and 
Storage Tank 
Instrumentation Piping 
Main Steam Piping 
Coldwell 
Dry Storage 
Closed Shell Heaters 
(Steamside and Waterside) 
Hotwell 
Condenser 
Condensate Drain Tank 
Filter Plant Equipment 
Chemical Addition Equipment 
Steam Jet Air Pump 
~ 
00 
TABLE IX 
CORROSION COUPON ANALYSIS (A106 GRADE) 
CORROSION RATE ESTIMATES*(mpy) 
COUPON** lmo 
1 0.043 
2 0.047 
3 0.044 
TOTAL AVERAGE 
CORROSION RATE 
WATTS BAR STEAM PLANT 
INITIAL FINAL 
3mo 6mo 12mo 18mo 24mo WT(g) WT(g) 
0.078 0.103 0.181 0.216 0.347 34.6994 34.5474 
0.084 0.119 0.207 0.311 0.397 35.3278 35.1539 
·--
0.081 0.109 0.194 0.297 0.374 34.5421 34.3783 
2.CORROSION AFTER 24mo = 1.118 = 0.186mpy 
6 6 
GENERAL OBSERVATIONS: SLIGHTLY REDDISH OXIDE SURFACE, NO PITTING 
**Coupon surface area approximately 3.375 ln2 
* Estimated from coupon weight loss based on uniform surface corrosion. 
24 month value based on actual coupon weight loss. 
.:,.. 
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TABLE X 
TUBE/VESSEL THICKNESS MEASUREMENTS (in) 
WATTS BAR STEAM PLANT 
TIM E 
SAMPLE POINT 0 6 mo 1 y r 18 mo 2 y r 
GLAND SEAL STORAGE TANK 0.265 0.264 0.263 
DOMESTIC WATER STORAGE TANK 0.273 0.272 0.271 
WATERWALL-EL 260.25 0.341 0.341 0.339 
WATERWALL-EL 731.00 0.336 0.336 0.334 
BLOW-DOWN PIPE/LOWER DRUM 0.229 0.228 0.227 
COLDWELL PUMP DISCHARGE HEADER 0.255 0.254 0.254 
SATURATED STEAM OUTLET TUBE 0.445 0.445 0.444 
AVERAGE = ~THICKNESS LOSSES = 0.018 in 
NUMBER SAMPLE POINTS 7 
AVG / YEAR 1.29 mpy 
0.262 0.262 
0.270 0.270 
0.334 0.339 
0.334 0.333 
0.226 0.226 
0.253 0.253 
0.443 0.443 
1000 mils = 2.57 mils 
inch 
Since 1980, additional field applications have been 
performed at other locations on stored and operating units. Tables 
XI-XVI detail field results at specific conditions. Each scavenger 
examined in this project has been investigated on large-scale 
application with reported successful results. Extensive discussion 
with utility and manufacturer contacts revealed only minor 
difficulties; the worst reported problem was with the 
hydroquinone/amine agent which presented difficulties in analysis 
due to its intrinsic property of creating a brownish coloration in 
samples [18). Aside from this, no further problems were encountered. 
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TABLE XI 
FIELD RESULT 
SOUTHEASTERN UTILITY /FOSSIL-FIRED UNIT 
STORAGE MODE 
SYSTEM DESCRIPTION - 40 MW NATURAL CIRCULATION UNIT 
SCAVENGER TREATMENT - 800 PPM HYDROQUINONE/AMINE 
PH - 9. 5 (TRI-SODIUM PHOSPHATE) 
SOLUTION CIRCULATED 
95 DAY STORAGE PERIOD 
COMMENTS AND NOTEWORTHY OBSERVATIONS -
TRISODIUM PHOSPHATE ADDITION REQUIRED TO ELEVATE 
SYSTEM PH (LOW VALUE - 5.68) 
DIFFICULTY IN MEASURING HYDROQUINONE CONCENTRATION 
DUE TO BROWNISH COLOR (COLORIMETRIC) 
CORROSION COUPON RESULT INDICATE CORROSION 
RATES OF <0.3 MPY 
EXCELLENT CORROSION PROTECTION 
51 
TABLE XII 
FIELD RESULT 
SOUTHEASTERN UTILITY /NUCLEAR POWER UNIT 
OPERATIONAL MODE 
SYSTEM DESCRIPTION - 1200 MW PRESSURIZED WATER REACTOR (PWR) 
OPERATING PRESSURE OF 2200 PSI 
SCAVENGER - CARBOHYDRAZIDE 
PH - 8.9-9.0 (MORPHOLINE ADDITION) 
SCAVENGER DISSOLVED OXYGEN 
CONCENTRATION {PPM) {PPB IN FEEDWATER> IRON {FEEDWATER> 
DAY 1 1200 12.4 54 500 
2200 11. 7 11 200 
DAY 2 0900 3.1 37 >500 
1800 2,3 44 >500 
DAY 3 0320 3.7 21 150 
0640 3.1 17 >500 
1840 2.9 14 >500 
DAY 4 0650 2.9 12 >500 
1435 3.2 11 495 
DAY 5 0930 3.1 10 >500 
1800 2.4 7 >500 
COMMENTS AND NOTEWORTHY OBSERVATIONS -
SATISFACTORY REDUCTION IN DISSOLVED OXYGEN CONCENTRATION 
DIFFICULTY OF ACHIEVING DESIRED PH (BUFFER FORMATION) 
APPARENT INABILITY TO CONVERT HEMATITE TO MAGNETITE 
ADDITIONAL TESTS REQUIRED FOR EVALUATION 
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TABLE XIII 
FIELD RESULT 
SOUTHEASTERN UTILITY /FOSSIL-FIRED UNIT 
STORAGE MODE 
SYSTEM DESCRIPTION - 50 MW NATURAL CIRCULATION UNIT 
SCAVENGER TREATMENT - 700 PPM HYDROQUINONE/AMINE 
PH - 10.0 (MORPHOLINE) 
SOLUTION CIRCULATED 
5 MONTH STORAGE PERIOD 
COMMENTS AND NOTEWORTHY OBSERVATIONS -
INITIAL DIFFICULTY IN MEASUREMENT OF PROCESS PARAMETERS 
- PH, SI02, ALKALINITY. COPPER, IRON (RESOLVED) 
INITIAL DIFFICULTY IN MAINTAINING SOLUTION PH (RESOLVED) 
CORROSION RATE REDUCED FROM 35 MILS/YEAR (HYDRAZINE) 
TO 0.3 MILS/YEAR 
NO DIFFICULTY IN RESTART OF UNIT 
VISUAL INSPECTION OF UNIT INTERNALS SHOWED 
EXCELLENT SURFACE PASSIVATION 
SCAVENGER CONCENTRATION HIGHER THAN 
HYDRAZINE AND MORE COSTLY 
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TABLE XIV 
FIELD RESULT 
SOUTHEASTERN UTLITY /FOSSIL-FIRED UNIT 
OPERATIONAL MODE 
SYSTEM DESCRIPTION - 2 - 1300 MW ONCE-THROUGH UNITS 
OPERATING PRESSURE OF 3500 PSI 
PH - 9. 2 - 9. 5 
SYSTEM TEST - UNIT 1 - HYDRAZINE TREATMENT 
UNIT 2 - ORGANOMETALLICLY CATALYZED HYDRAZINE 
DISSOLVED OXYGEN (PPB) SCAVENGER CONCENTRATION 
CONDENSATE DEAERA TOR 
I.IBE 1:JQHY'.El L Boosrrn euMe QUILEI 
0900 UNIT 1 35/11 35/56 12/35 
UNIT 2 25/12 22/1.J9 7/23 
1100 UNIT 1 33/12 31/1.J7 10/27 
UNIT 2 29/10 26/51 8/33 
1300 UNIT 1 26/12 25/1.Jl.j 6/19 
UNIT 2 23/9 22/52 5/18 
1500 UNIT 1 22/10 22/I.J7 7/19 
UNIT 2 25/11 21.J/I.J3 6/21 
1700 UNIT 1 27/12 27/51 9/17 
UNIT 2 22/13 22/42 5/21 
1900 UNIT 1 32/9 32/54 9/19 
UNIT 2 35/9 33/55 10/22 
2100 UNIT 1 29/7 25/46 8/20 
UNIT 2 30/12 30/49 9/18 
2300 UNIT 1 28/10 28/1.Jl.j 8/21 
UNIT 2 24/11 21.J/51 5/22 
CQNCI US I QNS -
(PPB) 
MARGINAL IMPROVEMENT WITH CATALYZED HYDRAZINE 
DISSOLVED METAL CONCENTRATION S UNCHANGED 
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ECONOMETER 
INLEI 
5/15 
2/11 
I.J/12 
3/15 
2/11 
2/13 
I.J/12 
3/15 
5/11 
1/14 
I.J/13 
6/17 
5/12 
3/15 
4/17 
2/17 
TABLE XV 
FIELD RESULT 
MIDWESTERN UTLITY/FOSSIL-FIRED UNIT 
OPERATIONAL MODE 
SYSTEM DESCRIPTION - 330 MW NATURAL CIRCULATION UNIT 
OPERAlING PRESSURE OF 2025 PSI 
PH CONTROLLED BY AMMONIA 
DATA ANAYLSIS (THREE MONTH COMPILATION) 
PARAMETER CARBOHYDRAZIDE 
COPPER (PPB) 3.6 + 1. 9 
-
IRON (PPB) 1. 7 ± 1. 9 
AMMONIA (PPB) 583 ± 217 
PH 9. 3 ± 0.2 
SCAVENGER RES !DUAL (PPB) 6.1 + 5.0 
-
COMMENTS AND OBSERVATIONS -
HYDRAZINE 
12.1 + 13.7 
-
5.5 + 8.9 
634 + 359 
9.3 ± 0.3 
18.6 ±: 24.9 
CARBOHYDRAZIDE CONSISTENTY MAINTAINED LOWER CYCLE CORROSION RATES 
RESIDUAL SCAVENGER REQUIRED IS REDUCED WITH CARBOHYDRAZIDE 
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TABLE XVI 
FIELD RESULT 
MIDWESTERN UTILITY / FOSSIL-FIRED UNIT 
OPERATIONAL MODE 
SYSTEM DESCRIPTION - 2-125 · MW NATURAL CIRCULATION UNITS 
OPERATING PRESSURE OF 1800 PSI 
PH - 9.1 (AMMONIA) 
REDUCTION IN CYCI E OXYGEN & METALS WI TH HYDROOUINONE/METHOXYPROPYLAMINE 
UT I LI TYl 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
AVERAGE 
COMMENTS -
OXYGEN {PPB) IRON C COPPER l {PPB) 
HOTWELL ECONOMIZER IN EEEDWATER 
BAS£ HO/MPA BAS£ HO/MPA BAS£ 
8 3 4 1 100 
ND 2 7 1 ND 
ND 4 ND 2 ND 
60 20 5 1 20 
20 1 18 1 13 
35 5 4 2 ND 
300 50 ND ND 100 
100 10 20 0 20 
40 25 25 1 20 
-5. _2 --5. _l _a 
fill 12 --9. _l ~ 
USE OF HYDROQUINONE/AMINE AGENT REDUCED 
CYCLE CORROSIION PRODUCTS SIGNIFICANTLY 
56 
(ECONOMIZER 
HO/MPA 
5 
ND 
10 
ND 
ND 
ND 
20 
ND 
5 
_l__ 
--8. 
INl 
CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
The market and need for efficient and reliable corrosion 
control agents is fast-growing. While this research focused on the 
electrical power generation industry, others, such as petrochemicals 
and pulp/paper manufacturing, are also affected. The major 
difficulty appears to be determination of an acceptable approach and 
selection of a treatment methodology optimum for specific cases. 
The task is in no way simplified by available test results. Each 
manufacturer can produce substantial field and laboratory data which 
appears to offer conclusive evidence that their product is 
superior. The difficult task for the engineer is to carefully 
examine pertinent data to select a product and/or method best suited 
for a given application. Therefore, while this research is by no 
means intended to provide absolute recommendations for every case, 
it does furnish unbiased findings and propose general guidelines for 
certain large-scale applications. 
Review of the data obtained in the oxygen depletion rate 
studies produces some valuable and firm results. The main purpose 
of the tests was to obtain reliable data at near identical 
conditions on different oxygen scavengers. Previous tests 
unfortunately provided results normally in comparison to hydrazine. 
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The perplexing issue remained how to decide which product would 
yield optimum results. Careful design of these tests allowed 
impartial evaluation of numerous products. 
As seen from preceding figures, certain products do react 
faster with dissolved oxygen at ambient temperature than does 
hydrazine. Catalyzed hydrazines and the hydroquinone adduct showed 
substantially faster oxygen depletion rates. In addition, changes 
in cover gas (air versus nitrogen) and increases in temperature also 
contribute to more rapid oxygen consumption for scavenging agents. 
These findings are in good agreement with earlier research findings 
[19]. The control standard hydrazine along with carbohydrazide 
showed little response to either cover gas or small temperature 
changes; both appeared to remain fairly constant maintaining near 
linear reaction rates. 
For low-level oxygen control applications, catalyzed 
hydrazines and hydroquinone/amine agents were allowed to react for 
extended times to determine where each would exhibit a "leveling-
off" effect in reactivity. Figures 17 and 18 illustrate the 
results. At 25°C, each scavenger was successful in reducing 
dissolved oxygen concentrations below 100 ppb with the organo-
metallically catalyzed hydrazine achieving a final recorded level of 
approximately 10 ppb. Allowing the reactions to continue at 71°C 
showed that the three fastest-reacting scavengers were able to 
achieve final oxygen levels of <20 ppb requiring reaction times of 
only 300 minutes. 
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Figure 18. OXYGEN REMOVAL RATES at 71°C( 160°F) 
with NITROGEN COVER GAS - EXTENDED TIME 
Addition of metallic substrates to sample reactions also 
provided significant results and helped support findings in earlier 
research [15). These tests, in addition, produced an indication of 
the possible complexity of the scavenger/oxygen reaction. Iron and 
copper with their oxides are the primary substances encountered in 
fossil plant operation. As such, these materials were utilized for 
research study. Addition of purified magnetite showed no influence 
in rates (Figures 4 and 8). This finding was suspected as hematite 
has been shown only to consume significant oxygen at high 
temperatures (>540°F), while magnetite should show no effect as it 
is already a stable oxide. A definite change, however, was observed 
when internal boiler oxide was employed. Since this material was 
primarily composed of magnetite, hematite, and some copper 
substrates, it appeared that some form of copper contributed to an 
increase in reaction rates. 
Pursuing this track of investigation, a new series of 
reaction studies was conducted to examine copper effects. In 
concurrent tests, five reaction flasks were charged with oxidized 
copper fines while another five utilized freshly ground copper fines 
with clean, bright surfaces. As seen in Figures 11 and 12, both 
sets of reactions showed increased oxygen consumption rates over 
similar tests without copper addition (Figure 4). One interesting 
point, however, was that the freshly ground copper showed consistent 
improvement over oxidized copper fines. The results suggest that 
copper (0) available over a much larger surface area in fresh copper 
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fines influences reaction rates solely or, at least, to a greater 
degree than oxidized copper (CuO). Two possible mechanisms for 
these observations are as follows: 
Reaction Scheme 1 
Oxidation 
Reduction 
2 Cu + 02-+ 2Cu0 
CuO +Scavenger----+ Cu+ u2o + Byproducts 
Reaction Scheme 2 
O -----Scavenger 2 , 
\ I 
\ I 
\ I 
Cu + o2- \ 1 Cu ___. Cu + n2o + Byproducts 
Reaction scheme 1 suggests direct participation by copper in the 
reaction while scheme 2 proposes a catalytic type mechanism with the 
copper surface acting as a coordination site to produce more 
favorable molecular orientation. An attempt to resolve the 
ambiguity on this issue was made in a final series of laboratory 
tests where copper (II) sulfate was added to reaction solutions. In 
comparison to even fresh copper (0), a further increase in oxygen 
consumption was observed (Figure 13). Examination of the three 
copper tests reveals that copper (0) and copper (II) consistently 
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influence rate kinetics with ionic copper exhibiting a larger 
overall influence. A possible mechanism offered for copper (II) 
influence is (20): 
Step 1. 
Step 2. 
Step 3. 
Cu(II) + Scavenger-+Cu(I) + H - Scavenger+ H+ 
+ Cu(I) + H +02----.Cu(II) + H02 .•• 
H - Scavenger+ H02---. N2 + H2o2 + . 
Considerable additional research is needed to help resolve the role 
of copper in such reactions, but these results offer substantial 
support for its influence. 
Corrosion results obtained showed that all 
scavengers performed adequately in preserving the integrity of metal 
surfaces. Mild steel corrosion rates at pH 9.2 were maintained <0.3 
mils per year (mpy), and those at pH 10.4 were approximately 
<0.2 mpy. The hydroquinane/amine scavenger was the only agent 
showing an appreciable reduction in rate with increased pH, a 
decrease in excess of 125~. While all scavengers enjoyed similar 
reduction results, they were much less pronounced. It appears that 
the hydroquinane agent has much greater sensitivity to system pH 
and, therefore, application must be made with care as to avoid 
pitting problems. Coupons of T22 material as expected showed 
greater resistance to corrosion having a maximum rate of <0.08 mpy. 
The corrosion rates given are estimated values calculated from 
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coupon weight loss over the total surface area. This was 
appropriate for two logical reasons: (1) surface examination of 
exposed coupons showed uniform general corrosion Cone exception) 
with no major pits and (2) the iron analyses of reaction solutions 
agreed well with this assumption. Overall, this was a much simpler 
approach than use of an in-line corrosometer which would have 
complicated test procedures 
Large-scale application data when properly obtained 
provides the most representative information for method and reagent 
selection. Utilizing laboratory data to determine methods and 
conditions for field work can be misleading and give rise to 
unexpected results. In this research, available data were well 
documented for a variety of conditions. The corrosion data from 
Watts Bar Steam Plant (hydrazine/ammonia) showed an average coupon 
corrosion rate of approximately 0.194 mpy (weight loss/surface area 
method) and in-line system measurements provided an average rage of 
0.29 mpy. Storage data for other utility applications show similar 
results though with changes in scavenger agent. 
The data accumulated during a research project of this 
magnitude and scope can often create difficulty and confusion with 
respect to interpretation of results. Several important conclusions 
and recommendations, however, can be made with a high degree of 
confidence. Oxygen depletion rate studies show that 
organo-metallically catalyzed hydrazine was superior at all 
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laboratory test conditions in the consumption of dissolved oxygen. 
It proved consistently to exhibit more rapid reaction rates than 
other tested scavengers. In contrast, carbohydrazide was observed 
to exhibit the slowest kinetics, slower than even hydrazine which 
was used for control purposes. The pertinent question to be 
addressed in regard to these reaction rates is what relative 
importance speed has in scavenger effectiveness. Undoubtedly, the 
data are valuable and clarify many conflicting claims; however, the 
real importance and value of an oxygen scavenger at low temperatures 
is its effectiveness in corrosion control. For boiler storage, the 
corrosion coupon tests showed that the presence of dissolved oxygen 
caused little problem regardless of scavenger {with proper pH}. The 
main purpose of a scavenging agent is to minimize corrosion whether 
by consuming dissolved oxygen or passivating metal surfaces. The 
field corrosion data obtained from applications at Watts Bar and 
other utilities show that corrosion rates were kept low using a 
variety of scavenging agents. Laboratory results coupled with field 
data indicate a small advantage can be realized by use of products 
other than hydrazine for low-temperature application though the 
other scavenging agents are considerably more expensive. The most 
important parameter observed for corrosion control was relative 
alkalinity. The general recommendation that can be made from the 
oxygen depletion and corrosion rate studies is that acceptable 
storage results can be obtained with use of any of the test 
scavengers if care is taken to maintain a high solution pH. 
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Operational and storage application results obtained in 
this research still provide conflicting data on large-scale use. 
Certain studies showed that hydrazine substitutes did provide a 
reduction in cycle corrosion products as well as in system oxygen 
concentrations. (See Tables XI and XVI) The tests outlined in 
Tables XII and XIV, however, showed no appreciable increased 
reduction rate of oxygen concentrations and ambiguous results for 
improvement in cycle corrosion. Obviously, these areas can still be 
debated as to the potential merit of utilization of catalyzed 
hydrazine or substitute products. Important to note, however, is 
that recommended application dose rates for many scavengers is 
normally significantly above those for hydrazine; treatment costs 
are dramatically higher. Admittedly, the relative low cost for 
water treatment is greatly overshadowed by equipment repair and 
replacement costs, but there remains too little evidence that 
indicates alternate schemes to hydrazine truly justify their added 
expense. 
In order to adequately protect boilers or any large system 
from degradation by corrosion, certain general guidelines should be 
followed regardless of treatment scheme. They are as follows: 
1. Ensure that systems containing water are adequately 
treated with sufficient chemicals to provide a 
pH ~9.5 and scavenger concentration of ~50 ppm. 
These values provide a margin of safety. 
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2. Ensure that vessels and components stored in a wet 
condition are maintained completely full. For 
those systems where this is impractical, all gas 
pockets should be thoroughly purged with an inert 
gas to avoid air/water interfaces--the point of 
most serious corrosion. 
3. Ensure that systems stored in a dry condition are 
maintained completely dry with no free-standing 
water. Maintain air temperature 20°F above 
dewpoint. Utilization of a dessicant is 
recommended to absorb infiltrating moisture. 
4. Monitor stored system on a regular schedule to 
observe any deviation in storage protection. 
Many important facts were obtained and clarified in this 
research project. The results will provide valuable data to 
utilities in their battle for adequate protection for operational 
and idle units. Yet, considerable additional research is needed to 
clarify remaining questions regarding reaction mechanisms and those 
factors influencing rate speed. One specific area that needs wort 
is the mechanism by which copper influences reaction rates and how 
it can help reduce overall corrosion. A close examination of steam 
cycle copper concentrations may help provide information on the 
benefits of low concentrations of copper in the system. A broad 
base, however, for future research was well established with this 
project, reinforcing the need of maintaining close cooperation and 
exchange of information between laboratory and large- scale 
engineering. 
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